Diabetic retinopathy is a major vision threatening disease among working age adults, and increased oxidative stress is one of the prime causative factors in its pathogenesis. Increased reactive oxygen species (ROS) in the cytosol damage mitochondria, and due to compromised antioxidant signaling system and dysfunctional mitochondria with damaged mitochondrial DNA, ROS continue to pile up, accelerating capillary cell loss. In addition to other cellular and enzymatic defense systems, the retina is also equipped with the nuclear erythroid-2-p45-related factor-2 (Nrf2) antioxidant response element signaling pathway, which controls the expression of genes important in detoxification and elimination of ROS. However, in diabetes, its transcriptional activity is impaired, further exacerbating and exposing the retina to elevated stress. Diabetic milieu also alters epigenetic factors responsible for chromatin modifications and gene regulation, and kelch-like ECH-associated protein 1 (Keap1), important in regulating Nrf2-antioxidant signaling axis, is epigenetically modified, impeding nuclear translocation of Nrf2, and this inhibits the transcription of genes with Antioxidant Response Element. This review discusses antioxidant signaling, especially the role of Nrf2, in diabetic retinopathy, and possible involvement of epigenetic modifications in antioxidant signaling and Nrf2 transcriptional activity. Therapies targeting Nrf2 activation, including epigenetic modifications, have potentional to prevent mitochondrial damage and inhibit the development, and progression of this sight-threatening disease which most of the patients get after 20-25 years of diabetes.
associated costs [4] , many patients fail to, or cannot, maintain good glucose control, and are burdened with these devastating complications.
Diabetic retinopathy and the retina
Diabetic patients develop many ophthalmic complications including retinopathy, corneal abnormalities, glaucoma and cataracts, and among these, retinopathy is the most common and devastating of these complications [2] . It is the leading cause of new blindness in the industrialized nations in persons aged 25-74 years. Approximately 10 million people worldwide have diabetic retinopathy, and these numbers are expected to soar to 14-15 million in 2050 [5] .
The retina receives light, converts it into neural signals, and sends these signals on to the brain for visual recognition [6] . It has a very complex structure with 10 layers, and has multiple neurons including photoreceptors and ganglion cells. Its blood supply comes from two distinct sources-the upper four layers receive from choriocapillaris and the inner six layers from the central retinal artery [6] . Sustained circulating high glucose damages the retina and its microvasculature, and this damage progresses slowly. But, after 25 years of diabetes, 95% patients present some form of retinopathy. In the initial stages, microaneurysms and intra-retinal hemorrhages begin to appear, and non-perfusion of capillaries generates hypoxia resulting in neovascularization. The new weak blood vessels tend to grow on the surface of the vitreous, and if not corrected, results in retinal detachment and blindness. Unfortunately, during the initial stages of the disease, the patients are generally asymptomatic, but when they begin to experience some impairment in their vision, their retinopathy has already advanced, and, if not controlled, could result in the vision loss [2] . The pathology associated with diabetic retinopathy is detectable in the microvasculature, but the defects in visual functions such as contrast sensitivity, acuity, night vision and retinal response to light are also compromised, and neuronal cells begin to degenerate before even vascular cells start to die [2, 7] .
In addition to hyperglycemia, other systemic factors including hypertension and hyperlipidemia also influence the development of diabetic retinopathy. Clinical studies have documented an association between retinopathy and management of hyperlipidemia in diabetic patients, and this is unequally confirmed in experimental models of diabetic retinopathy [8, 9] . Maintenance of blood pressure in patients with hypertension is shown to retard worsening of diabetic retinopathy [10] .
Diabetes and retinal metabolic abnormalities
Landmark Diabetes Control Complication Trials have clearly documented the critical role of hyperglycemia per se in the development of diabetic retinopathy, which is also corroborated in different animal models of diabetic retinopathy [3, 4] . High glucose produces many metabolic abnormalities, and due to imbalance between production and destruction of reactive oxygen species (ROS), their levels are elevated. Many metabolic pathways in the retina, that are altered by hyperglycemia, themselves end up increasing free radicals; activation of protein kinase C (PKC), polyol and hexosamine pathways and accumulation of advanced glycation end products (AGEs) are the four major pathways implicated in the development of diabetic retinopathy, and all of these abnormalities are considered to be closely associated with increase in oxidative stress [11, 12] . High circulating glucose, via activating polyol pathway, converts glucose into polyols, and the process utilizes nicotinamide adenine dinucleotide phosphate (NADPH). Increased NADPH demand for polyol pathway limits its availability for the biosynthesis of intracellular antioxidant glutathione, GSH, and this compromises cellular antioxidant defense system [13] . Increase in diacylglycerol, a glycolytic by-product of dihydroxyacetone phosphate, activates PKC, which, via activating NADPH oxidase (Nox), further elevates cellular ROS [14] . Furthermore, due to increased glycation of macromolecules, formation of AGEs is increased, which, via increased binding with the receptors, activates Nox and increases oxidative stress [15] .
To neutralize oxidative stress, the cell is equipped with a very efficient cellular and enzymatic defense system, and in diabetes retinal antioxidant defense system is also compromised; GSH levels are decreased, and its oxidized form (GSSG) is increased [16] . The enzyme system responsible for biosynthesis and for degradation of GSH (glutamate cysteine ligase and gamma-glutamyl transpeptidase), and for its regeneration from GSSG (glutathione peroxidase/reductase), are also compromised [17] [18] [19] .
In addition to cellular and enzymatic antioxidant defense systems, the cell is also equipped with nuclear erythroid-2-p45-related factor-2 (Nrf2), which is a transcription factor activated by oxidants to regulate genes containing Antioxidant Response Element (ARE) [20] . Under basal conditions, Nrf2 is anchored in the cytoplasm through binding to Kelch-like ECH-associated protein 1 (Keap1), but in stress conditions, it dissociates from the Keap1 and translocates into the nucleus to regulate its transcriptional activity [21] [22] [23] . However, Nrf2 does not bind to ARE as homodimers, and for binding requires bZIP protein (e.g., Jun or small Maf) to heterodimerize (Fig. 1) . Cysteine residues in Keap1 are considered to act as oxidative stress sensors, and oxidation of the thiol groups leads to its detachment from Nrf2 [24, 25] . Nrf2 also regulates GSH levels by regulating the transcription of the catalytic subunit of the enzyme critical in GSH biosynthesis, glutamate-L-cysteine ligase, GCLC [26] . Nrf2 gene transcription is also regulated by mechanisms other than by Keap1, including its phosphorylation by protein kinases and stabilization by DJ1 [27] .
Oxidative stress in the retina
The retina is very rich in polyunsaturated fatty acids, and since the eye is directly exposed to damaging UV radiations, makes it a 'prime' target for oxidative damage [28] . In diabetes, oxidative stress is increased in the retina and its capillary cells, and increased oxidative stress is considered as one of the major metabolic abnormalities associated with the development of diabetic retinopathy [3, 12] . As mentioned above, in addition to autoxidation of glucose, the major biochemical abnormalities altered by hyperglycemia also fuel into increased ROS production, and to make the bad situation worse, biochemical abnormalities mediated by hyperglycemic milieu themselves are also triggered by free radicals [12] . Fig. 1 . Oxidative stress and Nrf2: Hyperglycemia alters many metabolic abnormalities in the retina and its capillary cells, and these abnormalities lead to increased oxidative stress. To make the bad situation worse, all of these abnormalities are also affected by oxidative stress. Increased accumulation of free radicals releases docked Nrf2 from Keap1-Nrf2 complex in the cytoplasm and Nrf2 moves inside the nucleus where it forms a heterodimer complex with Maf/c-Jun to regulate the activation of ARE-mediated antioxidant gene expression.
Sources of retinal oxidative stress
Superoxide radicals are produced by both enzymatic and nonenzymatic mechanisms; Nox is considered as the primary enzyme responsible for ROS production, where it catalyzes one-electron reduction of oxygen to superoxide anion and oxidizes cytosolic NADPH [29] . Diabetes alters the activities of Nox enzymes in the retina and its capillary cells [30] [31] [32] , and our studies have shown that the activation of Nox2 is an early event in the development of diabetic retinopathy [32, 33] .
Another enzymatic source of increased oxidative stress is the activation of arginase; in endothelial cells, increased arginase activity decreases L-arginine, which reduces its supply for nitric oxide synthase, resulting in increased ratio of superoxide and nitric oxide. Reaction of superoxide radicals with available nitric oxide forms peroxynitrite, which, via protein tyrosine nitration, activates Noxs, and further increases ROS [34, 35] . Activation of arginase in the retinal vasculature is shown to result in loss of retinal endothelial cells in diabetes [36] .
Production of superoxide is also mediated via non-enzymatic sources, and this is associated largely with mitochondrial respiration [37] . Mitochondria, the powerhouse of the cell, account for~2% of the total oxygen uptake. In the presence of oxygen, they produce ATP by oxidizing the major glycolysis product: pyruvate, and NADH. However, some electrons leak out from a very efficient electron transport chain (ETC) system and react with molecular oxygen to form superoxide anion [38] . Mitochondrial DNA (mtDNA) is also very vulnerable to oxidative damage, and the damage to mtDNA impairs the ETC, fueling into ROS production, which continues to damage mitochondrial membranes and mtDNA [37, 39] . Thus, excessive production of cellular free radicals (both cytosolic and mitochondrial), with concurrent dysfunction of antioxidant defense systems, including mitochondrial manganese superoxide dismutase (MnSOD) and GSH, contributes to oxidative imbalance and mitochondrial dysfunction seen in the retina in diabetes.
Diabetic retinopathy and Nrf2
The role of oxidative stress in the development of diabetic retinopathy is now well accepted; Nox-mediated cytosolic ROS production in retina and its vasculature precedes mitochondrial damage [32] . Increased cytosolic ROS oxidatively damage the inner membrane of the mitochondria leading to imbalances in the ETC, which results in increased superoxide levels, and further damage to the membrane proteins. Furthermore, retinal mtDNA is also damaged in diabetes, and damage to mtDNA, which encodes genes essential for proper functioning of the ETC, impairs its functioning, further fueling into the vicious cycle of free radicals, and compromised antioxidant defense system exacerbates oxidative stress [40, 41] . Nrf2 regulates the basal and inducible expression of genes playing important role in maintaining the oxidative homeostasis by regulating multiple downstream antioxidants defense genes, including superoxide dismutase, glutathione reductase and glutathione peroxidase [42] . In diabetes, although Nrf2 expression and its binding with Keap1 are increased in the retina, the DNA binding activity of Nrf2 is decreased [41] . In addition, the transcripts of GCLC and GSH levels are also decreased [41, 43, 44] , further compromising the antioxidant defense system.
As stated above, Nox2 is considered as one of the major sources of cytosolic ROS in the retina in diabetes [32] , and activation of Nox could act as a double edged sword; in the initial stages of increased ROS, Nrf2 activation could serve as a compensatory mechanism to counteract increased ROS, but with continuous increase in ROS, it could overwhelm the Nrf2-ARE system, leading to sustained increase in ROS. Deficiency of Nrf2 could lead to unchecked Nox2 activation, further exacerbating ROS accumulation [45, 46] , Recent studies using oxygeninduced retinopathy model have shown that activation of Nrf2 counteracts with Nox2, which, via controlling oxidative stress, promotes reparative angiogenesis in the retina [47] .
Mitochondria, being the major site for ROS production, are themselves prone to damage by ROS, leading to the leakage of cytochrome c into the cytosol and activation of the apoptotic machinery, and in the development of diabetic retinopathy, mitochondrial damage activates the apoptotic machinery resulting in accelerated apoptosis of retinal Role of Nrf2 in mitochondrial homeostasis: Transient oxidative stress induces Nrf2, which subsequently regulates the expression of antioxidant genes including, HO1 (reduces mtDNA depletion and apoptosis), Sod2 (regulates mitochondrial ROS, membrane potential and mtDNA damage) and NRF1 (regulates mitochondrial biogenesis). HO1 and Sod2 also amplify the mitochondrial H 2 O 2 signaling, which stabilizes cytosolic Keap1 and increases Nrf2 nuclear translocation. Entry of NRF1/PGC1α into the nucleus facilitates transcription of mitochondrial transcription factor (TFAM), which is required for mitochondrial biogenesis. PGC1α, with the help of other transcriptional coactivators (PPARα/γ, TRβ, RARα), helps in the biosynthesis of the electron transport complex (ETC) and uncoupling proteins (UCPs), required for proper functioning and synthesis of ATP to maintain mitochondrial homeostasis. capillary cells, a phenomenon which precedes the development of histopathology characteristic of diabetic retinopathy [48] [49] [50] . Nrf2 is now shown to play an important role in mitochondrial homeostasis [27, 45, 46, 51, 52] . Nrf2 modulates mitochondrial membrane potential and fatty acid oxidation [51] , and diabetes damages retinal mitochondria and alters their membrane potential [49, [53] [54] [55] . In addition to mitochondrial integrity, mitochondrial biogenesis, which is under the control of superoxide radicals, is also impaired in diabetes [56, 57] , and Nrf2 is shown to regulate mitochondrial biogenesis by regulating one of its downstream targets, NRF1, a major enzyme responsible in the biogenesis process [58, 59] (Fig. 2) . In addition, the transport of the mitochondrial transcription factor, TFAM, is also decreased from the nucleus to the mitochondria, resulting in a decrease in mitochondria copy numbers and the proteins encoded by this DNA [56, 60, 61] . Genetic deletion of Nrf2 in mouse liver reduces mitochondrial content [62] , and in diabetes, number of retinal mitochondria is also decreased [56] . In addition to the mechanisms listed here by which Nrf2 could regulate mitochondrial damage in diabetes, Nrf2 signaling could have a direct crosstalk with mitochondrial ROS; Nrf2 activation is shown to decrease free radical production both by mitochondria and cytosolic Nox, possibly via induction of hemeoxygenase-1 (HO-1) and NAD(P)H quinone oxidoreductase 1, [63] , and in diabetes binding of Nrf2 at retinal HO-1 promoter is also decreased [44] . Thus, Nrf2 has potential to play important role(s) in maintaining retinal mitochondrial homeostasis in diabetes, and, thus regulating the development of retinopathy, which precedes mitochondrial damage.
Nrf2 controls the inflammatory response by regulating the expression of some of its downstream target genes like nuclear transcriptional factor-kB (NF-kB), cyclooxygenase2, inducible form of nitric oxide synthase and HO-1. Loss of Nrf2 function leads to elevated proinflammatory cytokines through induction of NF-kB [64] , and in the development of diabetic retinopathy NF-kB activation is an early event, which is associated with increased inflammatory markers and accelerated capillary cell apoptosis in the diabetes [65] . The p65 subunit of NF-kB interacts with Keap1 to enhance Nrf2 degradation and promote nuclear translocation of Keap1 [66] , and in diabetes nuclear translocation is altered [41] . Furthermore, Rac1, a small molecular weight GTPase important for Nox2 activation, also activates Nrf2 by interacting in Keap1 independent mechanism [67] ; in diabetes Rac1 activation is implicated with Nox2-mediated ROS production [32, 33, 68] . Thus, Nrf2 has pivotal roles in many signaling pathways that are altered in the retina in diabetes, and are implicated in the development of diabetic retinopathy.
Epigenetics
Ongoing technical advances have shown that the environmental and other external factors including life style and disease state can also influence expression of a gene. These epigenetic modifications do not influence the genetic sequence, and are considered to regulate much complex interplay between genes and the environment [69, 70] . Epigenetics is a natural phenomenon, which can transduce external stimuli into transcriptional response, and mainly encompasses how non-genetic factors act upon the genome to influence gene expression and phenotype [69, 70] . It has potential to explore the mechanisms that could be responsible for a disease phenotype and its progression. There are three major epigenetic modifications influencing the DNA, histones and non-coding RNA, and although these modifications are highly dynamic, they can initiate and sustain changes in the gene regulation [71, 72] .
Post-translational modifications of the histone tails influence the structure and function of the chromatin [73] ; while acetylation of the lysine residue by histone acetyl transferases (HATs) opens up the chromatin facilitating gene transcription, its deacetylation by histone deacetylases (HDACs) closes the chromatin structure impeding gene transcription. In addition, lysine and arginine residues on histones can also be methylated by histone methyltransferases and demethylated by lysine demethylases. Although acetylated form of any lysine moiety of histones results in gene activation, effect of methylation-demethylation, and subsequent gene regulation, depends on the histone, the lysine/ arginine being targeted and the extent of methylation (mono-, di-or trimethylation) [71, 74] .
DNA methylation, where cytosine residue is methylated to form 5-methyl cytosine (5mC), is another major epigenetic modification, and due to alterations in the methylation of the CG-rich region in the promoter of the gene, protein-DNA interactions are altered [75] . As with histone modifications, this is also a heritable covalent modification, and is catalyzed by DNA methyl transferases (Dnmts), a family with 5 members-Dnmt1, Dnmt2, Dnmt3a, Dnmt3b and Dnmt3L. Only Dnmt1, Dnmt3a and Dnmt3b are catalytically active, and while Dnmt3a and Dnmt3b are de novo methyltransferases, Dnmt1 is a maintenance enzyme important in regulating tissue-specific patterns of methylated cytosine residues [76, 77] . DNA methylation is a very dynamic process; 5mC can be readily oxidized to 5-hydroxymethylcytosine (5hmC) by ten-eleven translocation enzymes, and 5hmC can also be further oxidized to generate 5-formylcytosine and 5-carboxylcytosine [78] . While 5mC is generally associated with suppression of transcription factor binding, the presence of 5hmC is considered to activate gene transcription [79] .
MicroRNAs (miRNAs), the small noncoding RNAs with~21-mer RNAs, regulate the gene expression at post-transcriptional levels by binding to the 3'-untranslated regions (UTRs) of specific mRNAs. Via interacting with specific mRNAs through complementary base-pairing, miRNAs affect the translation or stability of the target mRNA molecule. Due to their high abundance (1000-30,000 copies/cell), they are considered to play a major role in epigenetic regulation of gene expression [80] , however, because of the presence of the target sequence for each miRNA on multiple genes, a single miRNA can control the expression of multiple genes.
Epigenetic modification in diabetes
Sustained high glucose is detrimental on metabolic, biochemical and genetic levels, and it can also facilitate epigenetic modifications. Diabetic environment has been shown to modify histones and DNA; e.g., leukocytes from diabetic patients have reduced Dnmts [81] , and global hypomethylation, and reduced level of S-Adenosyl methionine (SAM), a methyl group donor during DNA methylation, are also observed in diabetic Zebrafish [82] . A strong association between hemoglobin A1C levels and H3K9 acetylation is reported in the monocytes from patients previously enrolled in Diabetes Control and Complications Trial, and now being followed up in the Epidemiology of Diabetes Interventions and Complications study [83] . In addition, a recent study using peripheral blood samples from the same patient cohort suggests that DNA methylation at the key differentially methylated CpGs, especially 3′ UTR of thioredoxin-interacting protein is also altered, and could serve as a biomarker for glycemia of oxidative stress [84] . Vascular smooth muscle cells from type 2 diabetic mice have decreased H3K9me3 and methyltransferase Suv39H1 at the promoter of interleukin-6 [85] . Furthermore, alterations in many miRNAs are considered to regulate transcription of genes associated with the development of diabetes and its complications, e.g., while decreased levels of miR-126 is considered as a significant predictor of type-2 diabetes [86] , miR-210 and miR-21 are considered as the biomarkers of type-1 diabetes [87] .
Epigenetic modification and diabetic retinopathy
Epigenetic modifications are now emerging as strong candidates in the development of diabetic retinopathy; a recent study has identified 349 CpG sites for DNA methylation that are associated with 233 unique genes including gene encoding tumor necrosis factor, which is altered in the patients with proliferative diabetic retinopathy [88] . Experimental models of diabetic retinopathy have revealed altered DNA methylation-hydroxymethylation of promoters of various genes associated with diabetic retinopathy; hydroxymethylation of promoter of matrix metalloproteinase-9 (MMP-9) is associated with its upregulation and hypermethylation of polymerase gamma, a gene associated with mtDNA replication, and of mtDNA displacement loop, with decreased mtDNA replication and transcription, ultimately resulting in impaired mitochondrial homeostasis [57, 89, 90] .
Increased H4K20me3 and acetyl H3K9 at the promoter/enhancer of Sod2, the gene that encodes mitochondrial superoxide dismutase, suppress its expression [91] , and decreased H3K9me2 and increased acetyl H3K9 at the promoter of MMP-9, a gene associated with mitochondrial damage in diabetic retinopathy, are considered to facilitate the recruitment of p65 subunit of transcription factor NF-kB at its promoter, upregulating its gene transcription [92] . Furthermore, thioredoxin interacting protein, an endogenous inhibitor of antioxidant thioredoxin, is also shown to undergo epigenetic modifications in diabetes [93] .
In addition to DNA methylation and histone modifications, many miRNAs also play a significant role in the development of diabetic retinopathy. Experimental models of diabetic retinopathy have suggested involvement of miRNAs in the regulation of target genes, including miR-126, miR-146a and miR-200b with regulation of vascular endothelial growth factor, miR-146 with NF-kB levels, and miR-23b-3p, miR-195 and miR-29b with Sirt1 and PKR associated protein X respectively [94] [95] [96] [97] [98] . Moreover, miR-200b is also currently being tested for therapeutic potential in diabetic retinopathy [94] . A recent crosssectional case-control study from the EURODIAB Prospective Complications Study of 455 type 1diabetic patients has shown a strong association between miR-126 levels and proliferative retinopathy [99] . Thus, the role of epigenetics in diabetic retinopathy is gaining strength, which raises the possibility of using epigenetic markers as biomarkers, and/or therapeutic targets to combat this blinding disease. A summary table is included to show various documented epigenetic modifications in diabetic retinopathy (Table 1 ).
Epigenetic modifications and oxidative stress
As mentioned above, oxidative stress is considered as one of the major contributor of diabetic retinopathy. As for DNA methylation, while the cytosine in the CpG dinucleotide is the preferred base, the guanine is the site for oxidative damage forming 8-Hydroxydeoxyguanosine (8-OHdG), and the levels of 8-OHdG are elevated in the retina and its capillary cells in diabetes [54] . The damaged DNA is primarily repaired by the base excision pathway initiated by a DNA glycosylase that recognizes the modified base. While oxidation of guanine in CpG dinucleotide reduces the methyl-group binding domain (MBD) binding to that site [100] , oxidation of 5mC to 5hmC also decreases its affinity to MBD and 8-OHdG inhibits adjacent cytosine methylation [101] . In addition, DNA glycosylases can also associate with Dnmts to maintain normal methylation patterns, or bind to the transcription coactivators CBP/p300 for transcription modulation and base repair [102] . Free radicals themselves can enhance DNA methylation via deprotonating the cytosine molecule and accelerating the reaction of DNA with the SAM [103] . Oxidative stress is also shown to enhance association between Dnmt1 and HDAC1, and suppress deacetylase sirtuin (Sirt1), the enzymes implicated in maintaining histone/protein acetylation status [104] . In diabetes, Dnmts are activated and Sirt1 is down regulated in the retina altering DNA methylation and histone/protein acetylation of many genes and proteins important in the development of retinopathy [57, 105] . In addition, histone demethylase, LSD1, FAD-dependent amine oxidases, requires oxygen to function [106] , and in diabetes LSD1 is activated in the retina and its capillary cells [92] . Thus, oxidative stress has a major role in regulating DNA methylation.
Epigenetic modifications affect the regulation of many oxidative stress responsive genes including the gene encoding MnSOD, glutathione peroxidase, and catalase. Methylation of CpG dinucleotides in Sod2 are related with its reduced expression [107] . In addition to DNA methylation, various histone modifications also regulate Sod2 gene transcription; in diabetes, H4K20me3, acetyl H3K9 and the binding of NF-kB are increased at both promoter and enhancer regions of Sod2, and inhibition of SUV420h2, which specifically trimethylates H4K20, can restore its transcripts [91] . Active demethylation of H3K4 by LSD1 also contributes to Sod2 suppression [108] . Furthermore, MMP-9 undergoes hypomethylation at its promoter region [89] , further perpetuating vicious cycle of ROS accumulation. Thus, it is clear that epigenetic modifications have potential to regulate ROS levels and mitochondrial damage, and could play a major role in the development of diabetic retinopathy (Fig. 3) .
Many miRNAs are also implicated in Nrf2 activation through direct targeting of its mRNA and of mRNAs encoding proteins that control the level and activity of Nrf2; miR-144 is shown to provide direct regulation of Nrf2 expression within the cytoplasm [109] . Further, Nrf2 itself can also act as a regulator of miRNAs, e.g., it regulates the expression of miR-125-b1 in acute myeloid leukemia cells [110] . In addition to Nrf2, miR-141 and miR-200a are shown to regulate Keap1 expression [109] .
Many epigenetic modifications themselves are shown to regulate Nrf2 activation; e.g., Nrf2 gene has a CpG island that extends to position −1175, and the first 5 CpGs in this island that are located adjacent to the Nrf2 promoter are hypermethylated in prostate tumors, reducing the transcriptional activity of the Nrf2 promoter and affecting its Upregulation of miR-29b Retina [98] downstream signaling [111, 112] . Nrf2 promoter also undergoes histone modifications; in human prostate cancer, this promoter has decreased H3K9me3 and MBD2 [113] . Histone deacetylase, which has specific affinity towards ARE-sequences, inhibits the binding of p65 subunit of NF-kB to the gene promoter region and suppress Nrf2-ARE signaling pathway, suggesting a direct involvement of histone deacetylase in regulation of Nrf2 dependent antioxidant signaling [114] . Similarly, inhibition of HDAC improves H3K4 acetylation, and subsequent activation of Nrf2-mediated antioxidant signaling in lipopolysaccharide-activatedmicroglia [115] .
Keap1, critical in regulating Nrf2 activity, has 12 CpG sites in its promoter [116] , and demethylation of the CpG islands in the Keap1 promoter activates Keap1protein, which increases the targeting of Nrf2 for proteosomal degradation [117] . Thus, it is clear that epigenetic modifications of Nrf2, and/or of Keap1 are important in regulating Nrf2-mediated transcription of various antioxidant defense genes.
Epigenetics and Nrf2-Keap1 in diabetic retinopathy
As described above, Nrf2 plays an important role in the develop- Fig. 3 . Epigenetic regulation of antioxidant signaling in diabetic retinopathy: Oxidative stress produces many changes in epigenetic factors including factors responsible for histone acetylation and demethylation (HAT and LSD1 respectively) and DNA methylation/hydroxymethylation (Dnmt1 and Tet2 respectively). Histone methylation (e.g., H3K4me1, H3K4me2 and H3K9me2) and acetylation (H3K9Ac) regulate the binding of the key transcription factors (NF-kB, p50 and p65 subunits, and Nrf2). DNA methylation/demethylation of POLG1, mtDNA and of MMP-9 regulate the expression of genes responsible for antioxidant response and mitochondrial function, and due to increased DNA methylation of mtDNA, transcription of mtDNA encoded genes important for ETC function is impaired. The ETC becomes dysfunctional, and the damaged ETC continues to fuel into the vicious cycle of ROS. Due to damaged mitochondria, cytochrome c begins to leak into the cytosol, accelerating apoptosis, and, ultimately, resulting in the development of diabetic retinopathy. Fig. 4 . Epigenetic modifications of Keap1-Nrf2: In diabetes, the enzymes responsible for histone and DNA modifications are altered in the retina. Although we have some experimental data suggesting the role of epigenetic modifications in Nrf2 function via alterations in Sod2, Keap1 and GCLC, how epigenetic modifications alter Nrf2 transcription is still not clear. Here, we have provided some of the possible pathways (dotted lines) that could be contributing to Nrf2 modifications, leading to further increase in oxidative stress, and the development of diabetic retinopathy. ment of diabetic retinopathy, although the gene transcripts are increased in the retina and its capillary cells, its DNA binding activity and the binding at GCLC are decreased [41, 44] , and epigenetics appears to be one of the contributing factors for decreased GCLC expression. Diabetes alters H3K4 methylation the GCLC-ARE4; while H3K4me2 is increased, H3K4me3 and H3K4me1 are decreased at this region, and this increase in H3K4me2 could possibly be due to increased demethylation of H3K4me3 as H3K4me3 demethylase KDM5A is also increased. Similar alterations in histone methylation of GCLC-ARE4 are also observed in the retina from human donors with documented diabetic retinopathy [44] .
Diabetes also facilitates epigenetic modifications in the retinal Keap1, further impeding transcriptional activity of Nrf2. H3K4me1, which is generally associated with transcriptional activation [118] , is significantly increased at the Keap1 promoter, and this is accompanied by increased histone methyltransferase enzyme Set7/9 (SetD7) [119] . The promoter of Keap1 has a stimulating protein-1 (Sp1) element site (−160/−153), and Sp1 binding with Keap1 is essential for its transcriptional activation [120] . In diabetes, due to increased H3K4me1, the binding of Sp1 at the Keap1 promoter is also increased in the retina, impeding the movement of Nrf2 to the nucleus and impairing its transcriptional activity [119] (Fig. 4) . Although the role of histone methylation in the transcriptional activation of Nrf2 in the development of diabetic retinopathy is clear, how histone acetylation and DNA methylation, the modifications seen in the retina in diabetes, regulate Nrf2 transcription remains to be investigated. Moreover, many miRNAs also affect metabolic pathways associated with diabetic retinopathy [94] , and we cannot rule out the possible role of miRNAs in regulating Nrf2/Keap1, or Nrf2 in regulating miRNAs, in the development of diabetic retinopathy.
Epigenetic targets and therapeutics
As evident from the literature, oxidative stress contributes significantly in the development of disease associated pathologies via regulating the epigenetic modulators, and the use of epigenetics as a therapeutic approach is now becoming a powerful alternative for gene therapy. Epigenetic modifications, such as methylation and acetylation, are dynamic in nature and are regulated by DNA/histone modifying enzymes [121] . These enzymes are the targets for the therapeutic intervention of epigenetic drugs, and some of them are currently being tested for cancer and other chronic diseases [122] . Many of the dietary phenolic phytochemicals, known for their antioxidant activity, also regulate gene expression by modulating epigenetic changes. DNA methylation at the CpG sites of the promoter sequence of genes can inhibit the binding of transcription factors. Inhibition of Dnmts has been shown to be effective against many chronic diseases, and has already been approved by US Food and Drug Administration for the use of Dnmt inhibitors, 5-azacytidine and 5-aza-2′-deoxycitidine in the treatment of myeloid cancers and cutaneous T cell lymphoma [123] . Curcumin, an active constituent of Curcuma longa is reported to increase Nrf2 expression by demethylating its promoter [111] . Another phytochemical Sulforaphane also increases the expression of Nrf2 by demethylating the promoter region and decreasing Dnmt1 enzyme [124] . In addition to Dnmt inhibitors, HDAC inhibitors, valproic acid and trichostatin-A, have also been shown to improve Nrf2 expression by increasing the acetylation of H3 and H4 at Nrf2 promoter [115, 125] . Our work using in vitro and in vivo models of diabetic retinopathy has suggested the possibility of targeting histone modifying enzymes to restore antioxidant genes to prevent its development [44, 108] . Although targeting epigenetic modifications appears an attractive strategy, a number of issues, however, remain to be addressed, e.g., the first clinical trial to investigate toxicity, pharmacokinetics, and pharmacodynamics of CG200745, a pan-HDAC inhibitor, in patients with refractory solid malignancies, initiated in 2015, has shown that CG200745 can be safely administered at effective dose levels that inhibit HDAC in peripheral blood mononuclear cells and tumor tissue, but there remains issues with achieving maximum tolerated dose to effectively function [126] . Furthermore, diabetic retinopathy is a multi-factorial disease, and its prevention/inhibition could require targeting multiple pathways [2] . A therapy regimen, which could take advantage of genomic consequences of targeting multiple epigenetic modifications, or epigenetic modification and nonepigenetic abnormality might produce better outcome than a monotherapy. Fortunately, therapies targeting DNA methylation and histone deacetylation are now being tested in the cancer field to explore the roles for the interactions of these chromatin-modulating events in maintaining the abnormal silencing of genes with cancer-specific promoter DNA methylation [122] , and combining a retinoid, Am 80, with a histone deacetylase inhibitor, MS-275, is shown to suppress tumor growth in a RARβ2-negative human cutaneous T cell lymphoma [127] . Thus, it is safe to postulate that with the cutting edge ongoing research in the field of epigenetics, it is becoming clear that the future could hold many divergent options to target epigenetic modifications, induced in the retina by the diabetic milieu, and prevent the development/progression of this blinding disease feared most by diabetic patients.
Conclusions
Diabetic retinopathy is one of the most feared complications, and since in its early stages, it may remain asymptomatic or cause only mild vision problems, patients are afraid of losing their vision. Many biochemical, physiological, functional and structural changes are observed in the retina in diabetes, but despite cutting edge research by leading scientists around the world for this global epidemic, and a number of postulated mechanisms, the exact mechanism by which diabetes causes retinopathy remains unclear. The literature cited here clearly suggest that due to decrease in the transcriptional activity of Nrf2, a master transcription factor important in regulating oxidative stress, in the retina in diabetes, the transcription of antioxidant genes is altered and mitochondrial homeostasis is impaired, accelerating capillary cell loss. One of the possible reasons for impaired transcriptional activity appears to be epigenetic modifications, which diabetes is shown to facilitate. Regulation of Nrf2 activation via targeting its activation machinery, including epigenetic modifications, to prevent/ retard the development of diabetic retinopathy could be one of the new therapeutic options for diabetic patients to spare them from the fear of losing their vision.
Competing interests
Drs. Renu A. Kowluru and Manish Mishra have no conflict of interest.
